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ABSTRACT
Background: Resistance exercise increases muscle mass and func-
tion in older adults, but responses are attenuated compared with
younger people. Data suggest that long-chain n–3 polyunsaturated
fatty acids (PUFAs) may enhance adaptations to resistance exercise
in older women. To our knowledge, this possibility has not been
investigated in men.
Objective: We sought to determine the effects of long-chain n–3
PUFA supplementation on resistance exercise training–induced in-
creases in muscle mass and function and whether these effects differ
between older men and women.
Design: Fifty men and women [men: n = 27, mean6 SD age: 70.66
4.5 y, mean 6 SD body mass index (BMI; in kg/m2), 25.6 6 4.2;
women: n = 23, mean 6 SD age: 70.7 6 3.3 y, mean 6 SD BMI:
25.3 6 4.7] were randomly assigned to either long-chain n–3 PUFA
(n = 23; 3 g fish oil/d) or placebo (n = 27; 3 g safflower oil/d) and
participated in lower-limb resistance exercise training twice weekly
for 18 wk. Muscle size, strength, and quality (strength per unit muscle
area), functional abilities, and circulating metabolic and inflammatory
markers were measured before and after the intervention.
Results: Maximal isometric torque increased after exercise training
to a greater (P, 0.05) extent in the long-chain n–3 PUFA group than
in the placebo group in women, with no differences (P . 0.05)
between groups in men. In both sexes, the effect of exercise training
on maximal isokinetic torque at 30, 90, and 2408 s21, 4-m walk time,
chair-rise time, muscle anatomic cross-sectional area, and muscle fat did
not differ (P . 0.05) between groups. There was a greater (P , 0.05)
increase in muscle quality in women after exercise training in the
long-chain n–3 PUFA group than in the placebo group, with no such
differences in men (P . 0.05). Long-chain n–3 PUFAs resulted in
a greater decrease (P , 0.05) than the placebo in plasma triglycer-
ide concentrations in both sexes, with no differences (P . 0.05) in
glucose, insulin, or inflammatory markers.
Conclusion: Long-chain n–3 PUFA supplementation augments
increases in muscle function and quality in older women but not
in older men after resistance exercise training. This trial was
registered at clinicaltrials.gov as NCT02843009. Am J Clin Nutr
doi: 10.3945/ajcn.116.140780.
Keywords: aging, exercise, fatty acids, muscle, sarcopenia
INTRODUCTION
Older adults experience a loss of skeletal muscle mass termed
sarcopenia (1). The mechanisms underlying sarcopenia remain to
be fully established (2). Aging results not only in a loss of muscle
mass but also a decrease in muscle strength (dynapenia). Several
studies have shown that in older adults the decline in muscle
strength is w2–4-fold more rapid than the reduction in muscle
mass, indicating a decline in muscle quality (strength generated
per unit of muscle mass) (3, 4). Resistance exercise is bene-
ficial for maintaining and improving muscle mass, strength,
and quality in older adults (5, 6). The magnitude of increase
with exercise is, however, less than that seen in younger
people and may differ between sexes (7, 8). Nutrition is fre-
quently suggested to be a critical factor in determining the
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response to resistance exercise in older adults (9), and re-
cent evidence has emerged to suggest that the fish oil–derived
long-chain n–3 PUFAs, mainly EPA and DHA, may be im-
portant (10).
Indeed, early animal and cell work highlighted the potential of
long-chain n–3 PUFAs (11–14). In humans, long-chain n–3
PUFA supplementation increases muscle mass and function in
sedentary people (15–17). In addition, one study (18) investi-
gated whether long-chain n–3 PUFAs enhance the adaptive re-
sponse to the effects of resistance exercise in older adults.
Increases in peak torque and the rate of torque development after
90 d resistance exercise were greater in older women supplemented
with 2 g long-chain n–3 PUFAs/d. This study, however, included
only women, was not placebo-controlled, and did not include
muscle mass measurements. These drawbacks limit the wider ap-
plicability of these findings. A wealth of evidence has highlighted
the potency of the placebo effect (19). Thus, whether this is a true
or placebo effect and whether such an effect is seen in men both
remain to be established. Indeed, in original epidemiologic work,
demonstrating an association between fatty (rich in EPA/DHA) fish
consumption and grip strength, each additional portion of fatty fish
consumed per week was associated with a 1.8% gain in grip
strength in women and only a 1.0% gain in men (20).
Therefore, we sought to determine the effects of long-chain
n–3 PUFA supplementation on the adaptations in skeletal muscle
mass, function, and systemic inflammation and whether these
effects differed between men and women. Our hypothesis was
that long-chain n–3 PUFA supplementation would enhance the
adaptive responses in muscle mass and function to resistance
exercise training in both men and women but that the effect
would be greater in women than in men.
METHODS
Participants
Fifty-eight men and women were enrolled in the study
(NCT02843009) between 2012 and 2014 (Figure 1). After
being randomly assigned, 8 volunteers withdrew from the
study; 50 participants (27 men and 23 women) completed it.
Participants were recruited via posters and advertisements
published in local newspapers and magazines. Inclusion cri-
teria were being medically stable (i.e., free from cardiac ill-
ness, cancer arthritis, respiratory disease, metabolic disease,
recent fractures, and loss of mobility) (21), not taking daily
analgesia or nutritional supplements, and not participating
in any resistance exercise training. Two participants were
taking medications: 1 woman was prescribed angiotensin-
converting enzyme inhibitors for mild hypertension and 1 man
was prescribed allopurinol for gout. They were asked to
continue taking their medication throughout the study. The
study was approved by the University of Aberdeen College of
FIGURE 1 Flow diagram illustrating the participant progress through the phases of the study. F, female; LC, long chain.
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Life Sciences and Medicine Ethics Review Board. Written
consent was obtained after explaining the aims, risks, and
potential discomfort associated with the study, which con-
formed to the Declaration of Helsinki. Data from the control
group of this study was recently published in a separate
manuscript investigating sex differences in response to re-
sistance exercise alone (8).
Study protocol
Upon entering the study, participants were randomly assigned
(1:1 via a random number table) in a double-blind fashion to
consume either 3 capsules long-chain n–3 PUFAs/d (3 3 1 g
capsules giving 2.1 g EPA/d + 0.6 g DHA/d) (Barleans) or 3
identical-looking capsules of placebo (safflower oil: 3.0 g/d)
(Barleans) every day for 18 wk. This dose was chosen on the
basis of pilot data that demonstrated a beneficial effect on ad-
aptations to strength in response to resistance training in older
women (data not shown). At the end of the trial, the adherence
of volunteers was evaluated by leftover pill count. Participants
were asked to maintain their habitual diet and physical activity
and to record any fish consumed in a diary for the duration of
the study. Participants were also asked to refrain from exer-
cise for 48 h before each study visit, and testing was carried out
at the same time of the day. Physical activity levels were mea-
sured with use of an international physical activity questionnaire
when the study commenced. At baseline and 18 wk, body mass,
resting heart rate (HR)14, and blood pressure (BP) were measured.
HR and BP were measured after 10 min seated rest with an au-
tomated sphygmomanometer. The mean of 3 measurements was
used.
Resistance exercise training was performed by both groups
twice a week for 18 wk. Each training session included 4 sets of 9
repetitions for each lower-body exercise: leg press, leg extension,
leg curl, and calf press. The load for each exercise was set at 70%
of the participants’ 1 repetition maximum. This was assessed for
each exercise at baseline and every 6 wk, and the load was
readjusted accordingly. All training sessions were supervised by
a qualified instructor and scheduled at a time of day suitable for
the participant.
Measurements
The followingmeasurements weremade at baseline and at 18wk.
Knee-extensor isometric and isokinetic torque
Maximal isometric torque of the knee-extensor muscles of the
right leg was determined during a maximal voluntary contraction
with the participant seated on a Biodex dynamometer with a knee
angle of 738. Participants were secured with the use of seatbelts,
and the settings were recorded and reproduced during successive
visits. Each maximal voluntary contraction was repeated $3
times, and the highest value was used for subsequent analysis.
With the same seating position, maximal isokinetic torque of
the knee extensors was measured at 30, 90, and 2408s21, and
the highest of 5 attempts was recorded. The range of motion
for the isokinetic tests was 120 to 158.
Short-performance physical battery test
The short-performance physical battery (SPPB) test consists of
balance, walking speed, and timed chair-stand tests (22). The
balance tests required participants to maintain a side-by-side,
semi-tandem, and tandem stance for 10 s. All participants were
able to complete the 3 balance tests for the full 10 s, so these data
are not presented. The chair-stand test involved participants rising
from a chair with their arms across their chest 5 times. This was
repeated 3 times, and the fastest time was recorded for analysis.
Participants were then instructed to complete 3 separate 4-m
walks at the fastest pace possible, with the fastest time recorded
for analysis.
MRI
Of the 50 participants who completed the intervention, 45
participants [n = 22 (10 women) in the placebo and n = 23 (10
women) in the long-chain n–3 PUFA group] were able to par-
ticipate in MRI data collection. The other 5 participants were
unable to undergo scans because 3 suffered from claustrophobia
and 2 had metal implants. All scans were carried out on a Philips
Achieva 3.0T whole-body MRI scanner with the use of a 16-
channel sensitivity-encoding (SENSE XL Torso) coil, and
muscle anatomic cross-sectional area (ACSA) was calculated as
described previously (8). Muscle quality was calculated as tor-
que (knee-extensor isometric strength) per unit ACSA.
Blood sampling
Fasted blood samples were collected from a vein in the
antecubital fossa into vacutainers containing K+ EDTA, placed
on ice, and processed within 30 min. Samples were centrifuged
for 10 min at 48C at 800 3 g, and the erythrocytes and plasma
were separated and stored at 2808C until analysis. Plasma
glucose and triglycerides (TGs) were measured in duplicate with
the use of a commercially available spectrophotometric assay
following the manufacturer’s instructions (Randox). Insulin
(Mercodia) and IL-6 and TNF-a (R&D Systems) were measured
in duplicate with the use of commercially available ELISA as-
says according to the manufacturer’s instructions.
Fatty acid composition
Total lipids were extracted from erythrocytes and muscle
tissue with chloroform:methanol (2:1 vol:vol) in the presence of
0.01% butylated hydroxytoluene to prevent fatty acid oxidation.
Membrane phospholipids from the muscle tissue were separated
by thin-layer chromatography with the use of a mixture of
hexane:diethyl ether:acetic acid (90:30:1 vol:vol:vol). Fatty acid
methyl esters were then prepared by incubation with 14% boron
trifluoride in methanol at 808C for 60 min and analyzed by gas
chromatography as previously described (23).
Muscle protein synthesis and p70s6k study
Twenty-seven participants (7 women) consented to take part in
this voluntary substudy (i.e., several participants did not consent
to undergo the muscle biopsy procedure). Because of the small
numbers of participants in this substudy, no analysis of
14 Abbreviations used: ACSA, anatomic cross-sectional area; BP, blood
pressure; D2O, deuterated water; HR, heart rate; MPS, muscle protein syn-
thesis; SPPB, short-performance physical battery; TG, triglyceride.
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potential sex differences in response was done. To determine
whether free-living muscle protein synthesis (MPS) differed
between the placebo and long-chain n–3 PUFA groups, MPS was
measured over a 4-d period (including 2 exercise sessions). To
determine whether the acute resistance exercise induction of
p70s6k activity differed between placebo and long-chain n–3
PUFA groups, p70s6k activity was measured before and 2 h
after a training session in the last week of the intervention. The
last week of training was chosen because the incorporation of
long-chain n–3 PUFAs would be maximized at this point and to
remove any of the contribution from the acute muscle-damage
responses when beginning exercise training (24).
After collecting basal blood samples, participants were asked
to consume a 200-mL (four 50-mL drinks) oral bolus of 70
atomic % deuterated water (D2O) (Goss Scientific) to label the
body water pool. Resistance exercise sessions took place on
days 2 and 4 after the bolus. Two 20-mL top-up doses of D2O
were administered on days 3 and 4. Midstream urine samples
were collected by the participant into a plastic container before
the initial D2O bolus and daily thereafter and stored at 2208C
for subsequent determination of body water enrichment. On
day 4 after the administration of the D2O bolus and after an
overnight fast, a resting muscle sample (w70 mg) was col-
lected after local anesthesia with the use of the microbiopsy
technique (Bard Magnum; Bard Biopsy) from the vastus lat-
eralis muscle of the right leg. Participants then performed
a resistance exercise session as normal, and an additional
muscle sample was collected 2 h after the cessation of exercise.
Muscle tissue was rapidly cleaned from fat and connective tis-
sue, washed in saline, frozen in liquid nitrogen, and stored at
2808C until further analysis.
The resting sample was used for the analysis of muscle fatty
acid composition as described previously. The resting and 2-h
postexercise samples were used for the analysis of p70s6k ac-
tivity as previously described but with minor modifications (25),
and the initial fasting blood sample, urine samples, and 2-h
postexercise muscle sample were used for the MPS analysis
(Supplemental Methods). These procedures for using D2O to
measure MPS were developed in our previous work, and the
single biopsy approach for quantifying MPS has previously been
validated (26, 27). This measure of free-living MPS is an
integration of basal MPS and the MPS response to the anabolic
stimuli such as feeding and exercise.
Statistical analysis
The primary outcome on which the required sample size was
calculated to detect a difference at 18 wk in this study was knee-
extensor maximal isometric torque. Based on a physiologically
relevant difference of 34 N$m, which results in improved functional
mobility (28), and a variability of w11% between individuals, 12
men and 12 women in each group would provide 80% statistical
power at a = 0.05. Statistical analysis was performed with the use
of SPSS version 22 (IBM) and Stata/MP version 14 (StataCorp
LP). Data are presented as means 6 SDs. All data were tested for
normality and skewness before selecting the appropriate test.
Univariable analyses with Student’s t test for normally distributed
variables and the Mann-Whitney U test for skewed variables were
used to assess differences, within each sex, in baseline character-
istics between the long-chain n–3 PUFA and placebo groups. A
2-factor ANOVA was performed with baseline as a covariate to
determine whether the change in variables over the 18 wk differed
by sex or by group and whether a sex-by-group interaction was
observed. When no interaction effect was observed, this was re-
moved from the model. MPS was compared between long-chain
n–3 PUFA and placebo groups via an independent t test, and sex
differences were not tested because of the low number of partici-
pants. P , 0.05 was considered statistically significant.
RESULTS
Baseline participant characteristics
Baseline physical characteristics are presented in Table 1. Within
each sex all baseline characteristics were similar (P . 0.05) be-
tween placebo and treatment groups. Participants’ baseline physical
activity and weekly oily and nonoily fish consumption are presented
in Table 2. No group or sex differences were observed (P . 0.05).
Protocol adherence and effect of treatment on participant
characteristics
Both the long-chain n–3 PUFA and placebo groups fully
completed their exercise training sessions. Nineteen participants
TABLE 1
General characteristics of participants in long-chain n–3 PUFA and placebo groups participating in an 18-wk resistance exercise intervention1
Placebo Long-chain n–3 PUFA
Men (n = 13) Women (n = 10) Men (n = 14) Women (n = 13)
Baseline 18 wk Baseline 18 wk Baseline 18 wk Baseline 18 wk
Age, y 71.5 6 5.1 70.9 6 2.6 69.8 6 4.0 70.5 6 3.9
Height, cm 171.6 6 8.0 160.1 6 6.7 177.1 6 4.6 160.9 6 7.0
Body mass, kg 73.2 6 11.5 72.5 6 11.3 66.0 6 12.7 65.2 6 13.0 78.6 6 16.7 78.7 6 16.9 66.4 6 12.4 67.3 6 13.3
BMI, kg/m2 24.7 6 2.6 24.4 6 2.6 25.8 6 4.6 25.4 6 4.9 25.1 6 5.3 25.1 6 5.4 25.9 6 4.9 26.3 6 5.1
HR, bpm 66.8 6 8.8 59.1 6 10.3 73.7 6 7.8 71.4 6 12.7 65.9 6 12.2 63.1 6 16.7 68.8 6 13.2 66.9 6 0.2
BP, mm Hg
Systolic 148.2 6 20.8 137.1 6 17.4 140.6 6 12.9 127.1 6 10.0 157.7 6 19.4 138.1 6 14.36 144.5 6 21.4 139.6 6 19.1
Diastolic 85.6 6 10.2 77.5 6 7.6 89.1 6 9.0 81.5 6 8.6 94.2 6 9.7 83.3 6 11.2 90.5 6 16.7 85.1 6 14.3
1All values are means 6 SDs, P , 0.05. There were no significant differences between placebo and treatment groups within sex at baseline, and no
significant group, sex, or interaction (group by sex) effects were observed for any of the variables measured. BP, blood pressure; HR, heart rate.
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went on holiday for 5 6 5.9 d, including 3.5 6 1.7 training
sessions; the number of holidays was not different between the 2
groups, and the duration of training was extended accordingly to
make up the missed sessions. The ANOVA found no sex, group,
or interaction effects (P . 0.05) for body mass, BMI (in kg/m2),
resting HR, or systolic or diastolic BP.
Knee-extensor isometric and isokinetic strength and SPPB
Data for maximal isometric torque, maximal isokinetic torque
(at 30, 90, and 2408s21), 4-m walk time, and chair-rise time are
presented in Table 3. All participants were able to complete the
3 balance tests for the full 10 s, so these data are not presented.
No group, sex, or interaction effects were seen for maximal
isokinetic torque, 4-m walk time, or chair-rise time (P . 0.05).
For maximal isometric torque, although no group or sex effects
were observed (P . 0.05), a sex-by-group interaction was ob-
served (P , 0.05). In men, the increase in maximal isometric
torque after the 18-wk intervention was similar (P . 0.05)
between groups: 41.8% 6 26.6% in the placebo group and
33.8%6 30.7% in the long-chain n–3 PUFA group. However, in
women, the increase after the 18-wk intervention in maxi-
mal isometric torque was greater (P , 0.05) in the long-chain
n–3 PUFA group (34.3% 6 17.8%) than the placebo group
(15.8% 6 10.6%).
Muscle ACSA, fat, and quality
Data for muscle ACSA, fat, and quality are presented in
Table 4. No group, sex, or interaction effects were seen for
muscle ACSA or fat (P . 0.05). An analysis of muscle
quality data found no group or sex effects (P . 0.05), but an
interaction effect (P , 0.05) was observed. The 18-wk in-
tervention resulted in a similar increase in muscle quality in
the placebo (36.6% 6 24.6%) and long-chain n–3 PUFA
(31.0% 6 29.3%) groups in men. In women, the 18-wk in-
tervention resulted in a greater increase in the long-chain n–3
PUFA group (27.0% 6 17.1%) than in the placebo group
(8.8% 6 17.6%).
Blood and muscle analysis
Data from the blood variables are presented in Table 5. No
group, sex, or interaction effects were observed (P . 0.05)
for glucose, insulin, TNF-a, or IL-6. A group but not sex or
interaction effect (P , 0.05) was observed for plasma TG and
erythrocyte EPA and DHA concentrations. For plasma TG
concentrations, there were 3.9% 6 20.9% and 10.5% 6
30.7% increases in the men and women’s placebo groups,
respectively. However, in the long-chain n–3 PUFA groups,
there were 8.0% 6 20.8% and 17.7% 6 17.8% decreases in
men and women, respectively. Erythrocyte EPA increased by
20.9% 6 71.2% and 89.6% 6 152.9% in the men and
women’s placebo groups, respectively. In the long-chain n–3
PUFA groups, the increase in EPA was 232.1% 6 102.1% in
men and 371.7% 6 227.2% in women. Erythrocyte DHA was
0.5% 6 15.4% and 8.7% 6 17.5% higher in the men and
women’s placebo groups, respectively, after 18 wk. In the
long-chain n–3 PUFA groups, the increase in DHAwas 9.8% 6
14.5% in men and 33.8 6 24.0% in women. Data from the
muscle samples are presented in Supplemental Figure 1 and
Supplemental Results.
TABLE 2
Baseline physical activity levels and weekly oily and nonoily fish
consumption in long-chain n–3 PUFA and placebo groups participating in
an 18-wk resistance exercise intervention1
Placebo Long-chain n–3 PUFA
Men
(n = 13)
Women
(n = 10)
Men
(n = 14)
Women
(n = 13)
Activity intensity, h/wk
Light 6.8 6 8.1 6.7 6 5.5 6.9 6 7.0 7.7 6 9.4
Moderate 1.8 6 1.8 0.8 6 1.1 2.0 6 1.4 1.2 6 2.0
High 0.5 6 1.3 0.4 6 1.3 0.9 6 1.9 0.8 6 1.8
Fish consumption,2
portions/wk
Oily 1.2 6 0.8 1.1 6 0.7 1.2 6 0.8 1.1 6 0.8
Nonoily 1.3 6 0.9 1.4 6 0.5 1.2 6 0.6 1.4 6 0.7
1All values are mean 6 SDs, P , 0.05. No significant group or sex or
effects were observed for any of the variables measured.
2 One portion of fish = 140 g.
TABLE 3
Knee-extensor maximal isometric and isokinetic torque and 4-m walk and chair-rise time in participants from long-chain n–3 PUFA and placebo groups
participating in an 18-wk resistance exercise intervention1
Placebo Long-chain n–3 PUFA
Men (n = 13) Women (n = 10) Men (n = 14) Women (n = 13)
Baseline 18 wk Baseline 18 wk Baseline 18 wk Baseline 18 wk
Torque, N$m
Maximal isometric 109.2 6 33.9 152.5 6 44.3 76.6 6 15.3 88.1 6 17.2 125.1 6 35.8 164.3 6 41.4 79.6 6 10.6 103.5 6 10.1*
Maximal isokinetic at 308$s21 131.9 6 26.2 147.1 6 38.4 83.5 6 14.6 88.8 6 17.3 145.1 6 36.1 161.0 6 37.5 92.0 6 14.5 105.5 6 8.6
Maximal isokinetic at 908$s21 84.1 6 21.4 92.3 6 22.2 52.6 6 13.3 55.9 6 16.5 102.5 6 29.8 112.8 6 30.1 56.6 6 14.8 66.4 6 14.7
Maximal isokinetic at 2408$s21 45.7 6 11.4 55.6 6 14.6 28.2 6 7.9 33.8 6 9.4 61.0 6 15.8 66.4 6 14.4 34.1 6 6.9 41.1 6 7.6
4-m walk time, s 2.22 6 0.25 1.99 6 0.28 2.43 6 0.41 2.25 6 0.33 2.12 6 0.27 1.87 6 0.28 2.36 6 0.28 2.20 6 0.37
Chair-rise time, s 7.32 6 1.10 6.35 6 1.35 7.83 6 1.96 6.71 6 2.11 6.82 6 1.40 5.80 6 1.10 8.22 6 1.51 6.60 6 1.67
1All values are means 6 SDs, P , 0.05. The data at 18 wk were compared via an ANOVA for group, sex, and sex-by-group interaction effects with
baseline values of the outcome measure as a covariate. *Significant interaction effect (group by sex), with the baseline-adjusted 18-wk value greater in the
long-chain n–3 PUFA groups than in the placebo groups.
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DISCUSSION
Our results show, for the first time to our knowledge, that
long-chain n–3 PUFA supplementation enhances the increases
in maximal isometric torque and muscle quality after 18 wk
resistance exercise training in older women but not in older
men in a well-designed, double-blind, randomized placebo-
controlled trial. These observations occur independently of
changes in muscle mass. Rodacki et al. (18) demonstrated that
long-chain n–3 PUFA supplementation (0.4 g EPA/d and 0.3 g
DHA/d) enhanced the increases in maximal torque, the rate
of torque development, and chair-rising performance after
strength training for 90 d. This study was conducted only in
women and was not placebo-controlled. Moreover, muscle
mass was not quantified. Thus, our study is the first to our
knowledge to show robustly that long-chain n–3 PUFA sup-
plementation results in greater resistance exercise training–
induced increases in muscle strength and quality in older
women but no such effect in older men. Previous work (29) has
suggested that the anti-inflammatory properties of long-chain
n–3 PUFAs might ameliorate elevations in IL-6 and TNF-a,
which have been shown to correlate with functional disability
(30), and that these changes may underlie the beneficial effects
of long-chain n–3 PUFAs in muscles. In our study, however, we
did not detect any differences in plasma TNF-a or IL-6 be-
tween the groups postintervention, in agreement with reports
from other studies (15, 16).
Taken together, the results of studies in this area raise some
interesting questions regarding the mechanisms underlying these
improvements. When long-chain n–3 PUFAs are consumed and
the participants (mix of men and women) maintain habitual
activity, mass and function increase to a similar extent (small
increase in muscle quality) (17). However, in our study, when
combined with resistance exercise there is a clear effect on
function with little, if any, effect on mass (w3-fold increase in
muscle quality). This indicates that the mechanisms underlying
the effects of long-chain n–3 PUFAs may be different dependent
on exercise status. When habitual activity is maintained, the
increases in muscle mass and function are likely because of, at
least partly, increases in MPS (15, 16). We observed no effects
of long-chain n–3 PUFAs on MPS. Although there were limi-
tations in these data, such as not having an MPS measurement at
the beginning of study and the small numbers of participants that
precluded stratification by sex, the data are in agreement with
the lack of effect of long-chain n–3 PUFAs on muscle mass. The
main observation in this study was that long-chain n–3 PUFAs
enhanced the increases in muscle quality after resistance exer-
cise training in older women but not in men.
Long-chain n–3 PUFAs may improve muscle quality via re-
ductions in intermuscular fat, which is known to influence
muscle function independently of size (4). In this study, we
found no effect of long-chain n–3 PUFA supplementation on
intermuscular fat in either men or women, in agreement with
TABLE 4
MRI data from participants in long-chain n–3 PUFA and placebo groups participating in an 18-wk resistance exercise intervention1
Placebo Long-chain n–3 PUFA
Men (n = 12) Women (n = 10) Men (n = 13) Women (n = 10)
Baseline 18 wk Baseline 18 wk Baseline 18 wk Baseline 18 wk
Muscle ACSA, cm2 56.7 6 8.7 58.8 6 8.6 37.1 6 5.7 37.8 6 6.2 66.3 6 4.1 67.9 6 4.8 37.6 6 6.1 39.4 6 5.7
Muscle fat, % 8.24 6 2.00 7.98 6 1.95 8.84 6 2.14 8.93 6 2.14 7.28 6 1.47 7.02 6 1.46 8.80 6 2.43 8.68 6 2.14
Muscle quality, N$m/cm2 1.93 6 0.49 2.58 6 0.58 2.11 6 0.55 2.22 6 0.42 1.94 6 0.53 2.47 6 0.58 2.08 6 0.36 2.62 6 0.29*
1All values are means 6 SDs, P , 0.05. The data at 18 wk were compared via an ANOVA for group, sex, and sex-by-group interaction effects with
baseline values of the outcome measure as a covariate. *Significant interaction effect (group by sex), with the baseline-adjusted 18-wk value greater in the
long-chain n–3 PUFA groups than in the placebo groups. ACSA, anatomic cross-sectional area.
TABLE 5
Plasma measures of glucose, insulin, TGs, TNF-a, and IL-6 in participants in long-chain n–3 PUFA and placebo groups participating in an 18-wk resistance
exercise intervention1
Placebo Long-chain n–3 PUFA
Men (n = 11) Women (n = 9) Men (n = 13) Women (n = 12)
Baseline 18 wk Baseline 18 wk Baseline 18 wk Baseline 18 wk
Glucose, mmol/L 5.33 6 0.489 5.14 6 0.34 6.07 6 1.44 6.21 6 1.64 5.21 6 0.48 5.32 6 0.64 5.80 6 1.12 5.49 6 1.20
TGs, mmol/L 0.86 6 0.22 0.89 6 0.32 1.29 6 0.87 1.03 6 0.32 1.00 6 0.49 0.84 6 0.34 0.88 6 0.27 0.69 6 0.16
Insulin, mU/mL 6.11 6 2.66 5.71 6 2.52 6.96 6 4.67 6.02 6 3.18 7.44 6 4.91 7.78 6 5.12 5.33 6 3.04 5.5 6 3.83
IL-6, pg/mL 1.34 6 0.66 0.88 6 0.24 1.77 6 1.11 1.96 6 1.02 1.32 6 1.17 1.25 6 0.75 1.63 6 2.24 1.43 6 1.96
TNF-a, pg/mL 4.91 6 2.46 4.62 6 2.05 4.81 6 2.13 4.67 6 1.89 4.95 6 1.99 4.60 6 1.73 5.27 6 2.35 5.15 6 2.21
EPA, % total lipids 1.44 6 0.97 1.50 6 1.33 1.47 6 0.71 1.74 6 0.50 1.47 6 0.58 4.32 6 1.64* 1.35 6 0.79 4.68 6 2.40*
DHA, % total lipids 5.16 6 1.18 5.26 6 1.40 5.18 6 0.81 5.82 6 0.62 5.89 6 0.77 6.40 6 0.68* 5.54 6 1.95 6.52 6 0.97*
1All values are means 6 SDs, P , 0.05. The data at 18 wk were compared via an ANOVA for group, sex, and sex-by-group interaction effects with
baseline values of the outcome measure as a covariate. *Significant group effect with the baseline-adjusted 18-wk value higher in the long-chain n–3 PUFA
groups than in their respective placebo groups. TG, triglyceride.
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previous research (17, 31). It is worth noting that this study did
not measure intramuscular fat content or indeed the species of
fat. Neuromuscular function, which decreases with age (32–35),
also contributes to the loss of muscle strength and quality in
older adults (36, 37). There is evidence that long-chain n–3
PUFA supplementation can improve neuromuscular function in
young healthy volunteers (38), which may be mediated by DHA,
an essential constituent of membrane phospholipids (39). In-
deed, DHA is involved in numerous neural functions such as
receptor affinity, modulation of signal transduction, and cell
membrane fluidity (40); to our knowledge, however, its effects
have not yet been explored in older adults.
Moreover, single muscle fiber contractile properties, especially
force generation and contractile speed, decrease with age and are
associated with the risk of falling, particularly among women
(41). In fact, in old type II muscle fibers, a decrease in specific
force (i.e., force per unit cross-sectional area) and Ca2+ sensi-
tivity is seen in both type I and type II fibers (42). Whether long-
chain n–3 PUFAs can improve contractile properties of skeletal
muscle fibers independently of changes in mass remains to be
established in older adults. In cardiomyocytes, it has been shown
that long-chain n–3 PUFAs improve contractile function after
b- and a-adrenergic stimulation (43). In addition, in studies of
hamster left ventricular papillary muscles, long-chain n–3
PUFAs, when administered alongside propionyl-L-carnitine and
the coenzyme Q10, increased cardiac function via increases in
shortening velocity and force and power generation without an
increase in fiber size (44). Furthermore, in rat diaphragms, EPA
has been reported to preserve specific force via the attenuation
of calpain activation after endotoxin injection (45). Although
there are currently no data to our knowledge in older adults that
demonstrate such effects, our data suggest that long-chain n–3
PUFAs, although participating in resistance exercise training
may improve contractile function via improvements in neural
function and intrinsic contractile properties of the muscle fibers
independently of changes in size. However, why the effect of
long-chain n–3 PUFAs on any of these suggested mechanisms
would differ between sexes is not clear.
It has been proposed that these sex differences could be at-
tributed to differences in the enrichment of long-chain n–3 PUFAs
into cell membranes. Previous work has shown, at the same dose
of long-chain n–3 PUFAs, a greater EPA and total long-chain n–3
PUFA enrichment in plasma phosphatidylcholine in women after
fish oil supplementation (8 wk with 0.7 g EPA/DHA or 1.8 g EPA/
DHA) (46). However, in our study, the postsupplementation
concentration of erythrocyte and muscle EPA and DHAwas not
different between men and women, although the variability was
large. Another factor that potentially influenced our findings is
a difference in nutritional intake between groups, which may
have affected the adaptations to resistance exercise training.
Apart from the fish diaries, which were not different between
our groups, we did not collect any other data relating to habitual
dietary intake. Sex differences in the response to resistance
exercise itself may potentially explain the sex-specific effects of
this study. As we have recently published (8), although others do
not agree (7), older women do not increase muscle strength to
the same magnitude as older men. It may be possible that long-
chain n–3 PUFAs only have effects in women because there is
a greater capacity for improvement; i.e., their normal response is
suboptimal compared with men. This would make women more
amenable to the effects of long-chain n–3 PUFAs. These
mechanisms proposed are currently speculative, and further
work is clearly needed to investigate them.
Plasma TGs over the 18-wk resistance exercise training in-
tervention decreased to a greater extent in the long-chain n–3
PUFA group, as has been widely reported in the literature (47).
No differences in fasting glucose and insulin were found be-
tween long-chain n–3 PUFA and placebo groups in this study, in
agreement with a meta-analysis in this area (48).
Although our study found benefits of long-chain n–3 PUFAs
on muscle function in older women, this was not reflected in
changes in functional abilities. However, it is important to
emphasize that the latter was not the outcome on which the
study was powered. Although both long-chain n–3 PUFA and
placebo groups improved SPPB scores after the 18-wk in-
tervention, there were no significant differences between
groups in either men or women. This might be because of the
fact that muscle power is more important than strength for
these measures of daily activities (49). Indeed, we did not find
any changes in isokinetic torque. In conclusion, we have
demonstrated for the first time to our knowledge that 3 g long-
chain n–3 PUFAs/d enhances the resistance exercise training–
induced increases in muscle quality and maximal isometric
torque in older women but not older men. The findings of
a benefit in women are of particular importance because women
live longer than men and, because of their lower starting
strength, cross the disability threshold earlier (50). Muscle
ACSA, acute measures of MPS and p70s6k activity, inter-
muscular fat, and functional abilities were not altered by long-
chain n–3 PUFA supplementation, although the study was not
powered sufficiently to determine sex differences in the re-
sponses of all of these variables. Further work is warranted to
investigate these differences.
We thank MC Thivierge for fruitful discussions in the early stages of the
study design and B Jagpal for assistance with the MRI.
The authors’ responsibilities were as follows—SRG: designed and super-
vised the study and had primary responsibility for the final content; MDB,
RS, and SRG: conducted the study; MDB, SS, and SRG: performed the
statistical analysis; MDB, JRM, CAG, RMA, FT, SJ, DLH, JRS, CH, TP,
and SRG: performed the sample and image analyses; AAM: provided med-
ical supervision for the study; MDB and SRG: drafted the manuscript; and
all authors: read and approved the final manuscript. None of the authors
reported a conflict of interest related to the study.
REFERENCES
1. Rosenberg IH. Sarcopenia: origins and clinical relevance. J Nutr 1997;
127(5 Suppl):990S–1S.
2. Mitchell WK, Williams J, Atherton P, Larvin M, Lund J, Narici M.
Sarcopenia, dynapenia, and the impact of advancing age on human
skeletal muscle size and strength; a quantitative review. Front Physiol
2012;3:260.
3. Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M,
Schwartz AV, Simonsick EM, Tylavsky FA, Visser M, Newman AB.
The loss of skeletal muscle strength, mass, and quality in older adults:
the health, aging and body composition study. J Gerontol A Biol Sci
Med Sci 2006;61:1059–64.
4. Delmonico MJ, Harris TB, Visser M, Park SW, Conroy MB,
Velasquez-Mieyer P, Boudreau R, Manini TM, Nevitt M, Newman
AB, et al. Longitudinal study of muscle strength, quality, and adipose
tissue infiltration. Am J Clin Nutr 2009;90:1579–85.
5. Greig CA, Gray C, Rankin D, Young A, Mann V, Noble B, Atherton PJ.
Blunting of adaptive responses to resistance exercise training in women
over 75y. Exp Gerontol 2011;46:884–90.
FISH OIL AND RESISTANCE EXERCISE IN OLDER ADULTS 7 of 8
6. Fiatarone MA, Marks EC, Ryan ND, Meredith CN, Lipsitz LA, Evans
WJ. High-intensity strength training in nonagenarians. Effects on
skeletal muscle. JAMA 1990;263:3029–34.
7. Leenders M, Verdijk LB, van der Hoeven L, van Kranenburg J, Nilwik
R, van Loon LJC. Elderly men and women benefit equally from pro-
longed resistance-type exercise training. J Gerontol A Biol Sci Med Sci
2013;68:769–79.
8. Da Boit M, Sibson R, Meakin JR, Aspden RM, Thies F, Mangoni AA,
Gray SR. Sex differences in the response to resistance exercise training
in older people. Physiol Rep 2016;4:e12834.
9. Forbes SC, Little JP, Candow DG. Exercise and nutritional interventions
for improving aging muscle health. Endocrine 2012;42:29–38.
10. Gray S, Da Boit M. Marine n-3 polyunsaturated fatty acids: a potential
role in the treatment of sarcopenia. Clin Lipidol 2013;8:187–94.
11. Bergeron K, Julien P, Davis TA, Myre A, Thivierge MC. Long-chain
n-3 fatty acids enhance neonatal insulin-regulated protein metabolism
in piglets by differentially altering muscle lipid composition. J Lipid
Res 2007;48:2396–410.
12. Gingras AA, White PJ, Chouinard PY, Julien P, Davis TA, Dombrowski
L, Couture Y, Dubreuil P, Myre A, Bergeron K, et al. Long-chain
omega-3 fatty acids regulate bovine whole-body protein metabolism by
promoting muscle insulin signalling to the Akt-mTOR-S6K1 pathway
and insulin sensitivity. J Physiol 2007;579:269–84.
13. Kamolrat T, Gray SR, Carole TM. Fish oil positively regulates anabolic
signalling alongside an increase in whole-body gluconeogenesis in
ageing skeletal muscle. Eur J Nutr 2013;52:647–57.
14. Kamolrat T, Gray SR. The effect of eicosapentaenoic and docosahex-
aenoic acid on protein synthesis and breakdown in murine C2C12
myotubes. Biochem Biophys Res Commun 2013;432:593–8.
15. Smith GI, Atherton P, Reeds DN, Mohammed BS, Rankin D, Rennie MJ,
Mittendorfer B. Omega 3 polyunsaturated fatty acids augment the muscle
protein anabolic response to hyperaminoacidemia-hyperinsulinemia in healthy
young and middle aged men and women. Clin Sci 2011;121:267–78.
16. Smith GI, Atherton P, Reeds DN, Mohammed BS, Rankin D, Rennie
MJ, Mittendorfer B. Dietary omega-3 fatty acid supplementation in-
creases the rate of muscle protein synthesis in older adults: a random-
ized controlled trial. Am J Clin Nutr 2011;93:402–12.
17. Smith GI, Julliand S, Reeds DN, Sinacore DR, Klein S, Mittendorfer B.
Fish oil–derived n–3 PUFA therapy increases muscle mass and func-
tion in healthy older adults. Am J Clin Nutr 2015;102:115–22.
18. Rodacki CLN, Rodacki ALF, Pereira G, Naliwaiko K, Coelho I,
Pequito D, Fernandes LC. Fish-oil supplementation enhances the effects
of strength training in elderly women. Am J Clin Nutr 2012;95:428–36.
19. Rawdon T, Sharp R, Shelley M, Thomas J. Meta-analysis of the pla-
cebo effect in nutritional supplement studies of muscular performance.
Kinesiology Rev 2012;1:137–48.
20. Robinson SM, Jameson KA, Batelaan SF, Martin HJ, Syddall HE,
Dennison EM, Cooper C, Sayer AA. Diet and its relationship with grip
strength in community-dwelling older men and women: the Hertford-
shire Cohort Study. J Am Geriatr Soc 2008;56:84–90.
21. Greig CA, Young A, Skelton DA, Pippet E, Butler FMM, Mahmud SM.
Exercise studies with elderly volunteers. Age Ageing 1994;23:185–9.
22. Guralnik JM, Ferrucci L, Pieper CF, Leveille SG, Markides KS, Ostir
GV, Studenski S, Berkman LF, Wallace RB. Lower extremity function
and subsequent disability: consistency across studies, predictive models,
and value of gait speed alone compared with the short physical perfor-
mance battery. J Gerontol A Biol Sci Med Sci 2000;55:M221–31.
23. Mackay I, Ford I, Thies F, Fielding S, Bachoo P, Brittenden J. Effect of
omega-3 fatty acid supplementation on markers of platelet and endo-
thelial function in patients with peripheral arterial disease. Athero-
sclerosis 2012;221:514–20.
24. Damas F, Phillips SM, Libardi CA, Vechin FC, Lixandrao ME, Jannig
PR, Costa LA, Bacurau AV, Snijders T, Parise G, et al. Resistance
training-induced changes in integrated myofibrillar protein synthesis
are related to hypertrophy only after attenuation of muscle damage. J
Physiol 2016;594:5209–22.
25. McGlory C, White A, Treins C, Drust B, Close GL, Maclaren DP,
Campbell IT, Philp A, Schenk S, Morton JP, et al. Application of the
[g-32P] ATP kinase assay to study anabolic signaling in human skeletal
muscle. J Appl Physiol (1985) 2014;116:504–13.
26. MacDonald AJ, Small AC, Greig CA, Husi H, Ross JA, Stephens NA,
Fearon KCH, Preston T. A novel oral tracer procedure for measurement
of habitual myofibrillar protein synthesis. Rapid Commun Mass
Spectrom 2013;27:1769–77.
27. Burd NA, West DW, Rerecich T, Prior T, Baker SK, Phillips SM.
Validation of a single biopsy approach and bolus protein feeding to
determine myofibrillar protein synthesis in stable isotope tracer studies
in humans. Nutr Metab (Lond) 2011;8:15.
28. Symons TB, Vandervoort AA, Rice CL, Overend TJ, Marsh GD. Ef-
fects of maximal isometric and isokinetic resistance training on
strength and functional mobility in older adults. J Gerontol A Biol Sci
Med Sci 2005;60:777–81.
29. Calder PC. Omega-3 fatty acids and inflammatory processes. Nutrients
2010;2:355–74.
30. Ferrucci L, Penninx BW, Volpato S, Harris TB, Bandeen-Roche K,
Balfour J, Leveille SG, Fried LP, Md JM. Change in muscle strength
explains accelerated decline of physical function in older women with
high interleukin-6 serum levels. J Am Geriatr Soc 2002;50:1947–54.
31. Reinders I, Song X, Visser M, Eiriksdottir G, Gudnason V, Sigurdsson
S, Aspelund T, Siggeirsdottir K, Brouwer IA, Harris TB, et al. Plasma
phospholipid PUFAs are associated with greater muscle and knee ex-
tension strength but not with changes in muscle parameters in older
adults. J Nutr 2015;145:105–12.
32. Burke RE, Levine DN, Zajac FE 3rd. Mammalian motor units: phys-
iological-histochemical correlation in three types in cat gastrocnemius.
Science 1971;174:709–12.
33. Larsson L, Sjodin B, Karlsson J. Histochemical and biochemical
changes in human skeletal muscle with age in sedentary males, age 22–
65 years. Acta Physiol Scand 1978;103:31–9.
34. Deschenes MR. Motor unit and neuromuscular junction remodeling
with aging. Curr Aging Sci 2011;4:209–20.
35. Power GA, Dalton BH, Rice CL. Human neuromuscular structure and
function in old age: a brief review. J Sport Health Sci 2013;2:215–26.
36. Campbell MJ, McComas AJ, Petito F. Physiological changes in ageing
muscles. J Neurol Neurosurg Psychiatry 1973;36:174–82.
37. Doherty TJ, Vandervoort AA, Taylor AW, Brown WF. Effects of motor unit
losses on strength in older men and women. JAppl Physiol 1993;74:868–74.
38. Lewis EJH, Radonic PW, Wolever TMS, Wells GD. 21 days of
mammalian omega-3 fatty acid supplementation improves aspects of
neuromuscular function and performance in male athletes compared to
olive oil placebo. J Int Soc Sports Nutr 2015;12:28.
39. Lauritzen L, Hansen HS, Jørgensen MH, Michaelsen KF. The essen-
tiality of long chain n-3 fatty acids in relation to development and
function of the brain and retina. Prog Lipid Res 2001;40:1–94.
40. Salem N Jr., Litman B, Kim HY, Gawrisch K. Mechanisms of action of
docosahexaenoic acid in the nervous system. Lipids 2001;36:945–59.
41. Schultz AB, Ashton-Miller JA, Alexander NB. What leads to age and
gender differences in balance maintenance and recovery? Muscle
Nerve Suppl 1997;5:S60–4.
42. Lamboley CR, Wyckelsma VL, Dutka TL, McKenna MJ, Murphy RM,
Lamb GD. Contractile properties and sarcoplasmic reticulum calcium
content in type I and type II skeletal muscle fibres in active aged hu-
mans. J Physiol 2015;593:2499–514.
43. Ponsard B, Durot I, Fournier A, Oudot F, Athias P, Grynberg A. Long-
chain polyunsaturated fatty acids influence both b- and a-adrenergic
function of rat cardiomyocytes. J Am Oil Chem Soc 1998;75:247–54.
44. Vargiu R, Littarru GP, Fraschini M, Perinu A, Tiano L, Capra A, Mancinelli
R. Enhancement of shortening velocity, power, and acto-myosin crossbridge
(CB) kinetics following long-term treatment with propionyl-L-carnitine,
coenzyme Q10, and omega-3 fatty acids in BIO TO-2 cardiomyopathic
Syrian hamsters papillary muscle. Biofactors 2010;36:229–39.
45. Supinski GS, Vanags J, Callahan L. Eicosapentaenoic acid preserves
diaphragm force generation following endotoxin administration. Crit
Care 2010;14:R35.
46. Caslake MJ, Miles EA, Kofler BM, Lietz G, Curtis P, Armah CK,
Kimber AC, Grew JP, Farrell L, Stannard J, et al. Effect of sex and
genotype on cardiovascular biomarker response to fish oils: the
FINGEN Study. Am J Clin Nutr 2008;88:618–29.
47. Pirillo A, Catapano AL. Omega-3 polyunsaturated fatty acids in the treat-
ment of hypertriglyceridaemia. Int J Cardiol 2013;170(2 Suppl 1):S16–20.
48. Akinkuolie AO, Ngwa JS, Meigs JB, Djousse´ L. Omega-3 poly-
unsaturated fatty acid and insulin sensitivity: a meta-analysis of ran-
domized controlled trials. Clin Nutr 2011;30:702–7.
49. Evans WJ. Exercise strategies should be designed to increase muscle
power. J Gerontol A Biol Sci Med Sci 2000;55:M309–10.
50. Degens H, McPhee JS. Muscle wasting, dysfunction, and inflammag-
ing. In: Bagchi IR, editor. Inflammation, advancing age and nutrition.
San Diego (CA): Academic Press; 2014: p. 247–54.
8 of 8 DA BOIT ET AL.
